Two types of diffusion couples, U-23 mol%Zr with U-23 mol%Zr-1.3 mol%Ce and U-95 mol%Zr with U-23 mol%Zr-1.3 mol%Ce, were annealed isothermally at 1123 K and 1023 K in order to provide basic data on Ce diffusion in U-Zr alloys, which are the fuel forms for advanced nuclear reactors. Because the Ce solubility in the U-23 mol%Zr alloy is less than 1 mol% in this temperature range, Ce-rich precipitates were formed and dispersed in the U-23 mol%Zr-1.3 mol%Ce alloy. The concentration profiles of Ce in the U-23 mol%Zr/U-23 mol%Zr-1.3 mol%Ce couples were analyzed based on the theoretical solutions of the one-dimensional diffusion equation for the semi-infinite diffusion couple, either side of which is supersaturated with the diffusing substance. From this analysis, the diffusion coefficients of Ce in the U-23 mol%Zr solid solution (-U, -Zr) were estimated to be $2 Â 10 À13 m 2 /s at 1123 K and $6 Â 10 À14 m 2 /s at 1023 K, which are between the values extrapolated from the reported self-diffusion coefficients of -U and -Zr. In the U-95 mol%Zr/U-23 mol%Zr-1.3 mol%Ce couples annealed at 1123 K and 1023 K, the concentration profiles showed up-hill diffusion of Ce. The interdiffusion coefficients in this quasi-binary UZr system containing Ce were obtained from the U or Zr concentration profile and compared with the reported interdiffusion coefficients in the binary U-Zr system without Ce. The result indicated that Ce does not have significant influence on interdiffusion in the U-Zr solid solutions.
Introduction
U-Pu-Zr and U-Zr alloys have been developed as fuel forms for advanced nuclear reactors. 1) These alloys are cast into cylindrical rods of $4 to $6 mm in diameter, clad with stainless steel tubes, and installed in the reactors. Heat generated by nuclear fission of Pu and U transfers radially in the fuel rod to the coolant flowing outside of the cladding tube. The radial temperature gradient is produced in the fuel rod; the maximum radial temperature difference is about 200 K and the maximum surface temperature is less than about 923 K. This radial temperature gradient causes thermodiffusion of the fuel alloy constituents.
1) The lanthanide elements produced by nuclear fission agglomerate at the surface of the fuel rod and react with the stainless steel cladding. 1) Such migration phenomena of the fuel constituents and lanthanides in the fuel alloys are important to evaluate the performance of this kind of fuel forms.
Estimation of migration of the fuel constituents and lanthanides requires fundamental data such as diffusion coefficients, so that interdiffusion and thermo-diffusion in the U-Zr binary 2, 3) and U-Pu-Zr ternary [4] [5] [6] systems were studied. However, there has been no examination of the influence of the lanthanides on these interdiffusion and thermo-diffusion. Although limited data of lanthanide diffusion in U and Zr can be found in Refs. 7) and 8), lanthanide diffusion in the U-Pu-Zr or U-Zr alloy has not been studied. In the present study, therefore, diffusion of Ce in bcc U-Zr solid solutions (-U, -Zr) has been examined in order to provide the first data on lanthanide diffusion in the fuel alloys. Cerium is one of the lanthanide elements that have significant fission yields. This study consists of two parts. First, the diffusion coefficients of Ce in the U-23 mol%Zr alloy are estimated from Ce concentration profiles in the diffusion couples consisting of U-23 mol%Zr and U-23 mol%Zr-1.3 mol%Ce alloys annealed isothermally at 1023 K and 1123 K. The analytical method for this estimation is described in the subsequent section 2. The second part of this study is to evaluate the influence of Ce on interdiffusion in the U-Zr solid solutions. For this evaluation, the U-Zr interdiffusion coefficients are estimated by using the diffusion couples consisting of U-95 mol%Zr and U-23 mol%Zr-1.3 mol%Ce alloys annealed at 1023 K and 1123 K.
Analytical Method
Consider a semi-infinite diffusion couple consisting of alloy A and alloy A-B as illustrated in Fig. 1 , where x is the distance from the position of the initial interface between alloy A and alloy A-B. The content C b (mole fraction) of element B in alloy A-B is higher than the solubility C s (mole fraction) of element B in alloy A, and a part of element B is precipitated and uniformly dispersed in alloy A-B, the matrix of which is saturated with element B. It is assumed that C s is sufficiently low and the diffusion coefficient D of element B in alloy A can be considered to be constant. During isothermal diffusion anneal, element B diffuses from alloy 
satisfying the initial and boundary conditions:
where t is the diffusion time. The solution of eq. (1) under the conditions of eqs. (2) and (3) can be expressed as
where G is a constant. Since the boundary position moves in proportion to ffiffiffiffiffi Dt p ,
where is a constant. Regarding the flux of element B at x ¼ ,
Substituting eqs. (4) and (5) into eq. (6), a constant G is given, and consequently,
By using the following normal cumulative distribution function:
eq. (7) can be expressed as
Equation (9) can be transformed into
where N À1 is the inverse function of N. The plots of x= ffi ffi t p vs. N À1 ðC CÞ show a straight line with a slope of 1= ffiffiffiffiffiffi 2D p . The derivation described above is based on the report by Tournier, 7) who utilized the uranium/uranium-E (U/U-E) diffusion couples, where element E means La, Sr, Ce, Ba or Sm and alloy U-E were supersaturated with element E. Tournier noted that another kind of the region from which the element E precipitates disappear forms at the end of the U-E side of the couple due to evaporation of element E from the U-E specimen, as well as the region due to diffusion of element E to the U side like Fig. 1 . The diffusion coefficients of element E in U were estimated from the boundary positions measured for these two regions, because the concentrations of element E in the diffusion couples were not measured and the solubilities of element E in U were not known at that time. In the present study, the value can be obtained from eq. (10) since both C b and C s are measured by electron probe microanalysis (EPMA). Therefore, the diffusion coefficient D can be estimated by the plots of x= ffi ffi t p vs. N À1 ðC CÞ for the measured concentration data in accordance with eq. (11).
Because Nð0Þ ¼ 0:5, the concentration of element B at the initial interface x ¼ 0 is constant:
By using eqs. (12) and (9) can be expressed in a simple form as
3. Experimental Procedure
Alloy specimens and diffusion couples
The U-23 mol%Zr, U-95 mol%Zr and U-23 mol%Zr-1.3 mol%Ce alloy specimens were prepared from U (99.9% purity), Zr (99.9% purity) and Ce (99.5% purity) metals by arc-melting in a highly purified argon atmosphere on a watercooled copper hearth. Before alloying process, pieces of the U metal were immersed in nitric acid to remove oxide scale on the surface. Surface scales of the Zr and Ce metals were removed by filing. Each alloy ingot was wrapped in a Ta foil, encapsulated in a quartz ampoule under an atmosphere of 0.025 MPa helium, then annealed at 1123 K for 48 hours to ensure homogeneity. After annealing, the ingot was quenched by breaking the ampoule in a water bath. The Ce content in the U-23 mol%Zr-1.3 mol%Ce alloy was higher than the Ce solubility in the U-23 mol%Zr alloy, so that Ce-rich precipitates were formed and dispersed in the U-23 mol%Zr-1.3 mol%Ce alloy, as shown in Fig. 2 . This is consistent with the measured data 9) of the Ce solubility in U-Zr alloys, which is shown in Fig. 3 .
Specimens of approximately 4 mm Â 4 mm Â 3 mm were taken from the annealed ingots. The diffusion couples were assembled with these specimens in the combinations summarized in Table 1 . The specimen surfaces that would be the diffusion couple interface were polished with 3 mm diamond paste immediately before assembling of the couple. Each of the diffusion couples was clamped in a stainless steel holder as shown in Fig. 4 . The inside of the holder was lined with Ta foils to prevent the couple from reacting with the holder. The holder containing the couple was then encapsulated in a quartz ampoule under an atmosphere of 0.025 MPa helium. Diffusion anneal was performed at conditions summarized in Table 1 . After diffusion anneal, the ampoule was taken out of 48 T. Ogata, M. Akabori and A. Itoh the furnace and quickly broken in a water bath so that the diffusion couple could be quenched rapidly. The annealed couple was cut perpendicularly to the interface, and the cross section was ground and polished for electron probe microanalysis (EPMA).
Concentration measurement
The concentration distributions of Ce, U and Zr in the diffusion zone were measured by the electron probe microanalyzer (SIMADZU Co. EPM-810) equipped with wavelength dispersive X-ray detectors. The intensities of the Ce-L (0.2562 nm), U-M (0.3910 nm) and Zr-L (0.6071 nm) X-rays were converted to the mole fractions by using the ZAF correction method.
The Ce concentrations in the U-Zr-Ce alloy matrices in the present study were less than 1 mol% and the maximum Ce-L intensity measured was approximately twice the background intensity, so that special attention was paid to correction of the background intensity of the Ce-L line, as follows. First, the intensity of the Ce-L line was measured for diffusion zone in the U-95 mol%Zr/U-23 mol%Zr couple without Ce, and found to vary linearly with the U-M intensity. Second, before concentration measurement for the U-95 mol%Zr/U-23 mol%Zr-1.3 mol%Ce couple, the background intensities of the Ce-L line for pure U and Zr standards were measured. Interpolation of these background intensities with respect to the U-M intensity at each measuring point was taken as the local background intensity of the Ce-L line. As for the U-23 mol%Zr/U-23 mol%Zr-1.3 mol%Ce couple, the intensity of the Ce-L line measured for the U-23 mol%Zr alloy without Ce was taken as the background because the U-M intensity was essentially constant. Figures 5 and 6 show the concentration profiles of Ce in the U-23 mol%Zr/U-23 mol%Zr-1.3 mol%Ce couples annealed at 1123 K and 1023 K, respectively. Although the Ce-rich precipitates were found in the U-23 mol%Zr-1.3 mol%Ce alloy side as illustrated in Fig. 1 , the data for these precipitates were not plotted in Figs. 5 and 6 . The Ce solubility in the U-23 mol%Zr alloy was estimated to be 0.6 mol% at 1123 K and 0.4 mol% at 1023 K based on the Ce concentration profiles (Figs. 5 and 6 ) and the measured data of the Ce solubility 9) (Fig. 3) . The value for each temperature was obtained from eq. (10) by using the corresponding C s value and the known C b value (¼ 0:013). The plots of x= ffi ffi t p vs. N À1 ðC CÞ were made in accordance with eq. (11) as shown in Fig. 7 . The plotted data at each temperature were fitted by the least square method to a straight line. From the slope of each line, the diffusion coefficient D of Ce in the U-23 mol%Zr alloy was estimated to be 2:4 Â 10 À13 m 2 /s at 1123 K, and 6:9 Â 10 À14 m 2 /s at 1023 K. Here, we noted the possibility that a part of Ce was oxidized during the alloying process and did not contribute to diffusion because Ce 2 O 3 is more stable than UO 2 and ZrO 2 . 10) Assuming C b ¼ 0:010, therefore, another plots of x= ffi ffi t p vs. N À1 ðC CÞ were made as shown in Fig. 8 , from which the D values were estimated to be 2:2 Â 10 À13 m 2 /s at 1123 K and 6:4 Â 10 À14 m 2 /s at 1023 K. The theoretical solutions (eq. (9)) for C b ¼ 0:013 and C b ¼ 0:010 are shown by thin and bold lines, respectively, in both Figs. 5 and 6. Agreement of the theoretical solutions with the experimental data seems to be better for C b ¼ 0:010 than C b ¼ 0:013, especially at 1123 K (Fig. 5) .
Results and Discussion

Diffusivity of Ce in the U-23 mol%Zr alloy
Due to the scattered data of the Ce concentrations (Figs. 5 and 6), approximately AE50% uncertainty is considered in the present estimation of the diffusion coefficients:
À13 m 2 /s at 1123 K and D ¼ $6 Â 10 À14 m 2 /s at 1023 K. These estimated values are plotted in Fig. 9 against the inverse temperature 1=T. Figure 9 also shows the relevant diffusion data: self-diffusion of -U 8) self-diffusion of -Zr, 8) lanthanide (La, Ce, Sm) diffusion in -U, 7) and Ce Tournier 7) pointed out that the diffusivity data of La, Ce and Sm in -U (Fig. 9) were not consistent with the atomic size sequence: La > Ce > Sm, and this might be due to the experimental method in which evaporation of La, Ce and Sm from U was utilized in estimation of the diffusion coefficients. Therefore, more relevant data including the Ce diffusion coefficients in -U are desired for further discussion on Ce diffusion in U-Zr alloys. This is qualitatively consistent with the fact that the Ce solubility in the U-Zr alloy increases with increasing Zr concentration (Fig. 3) .
Because the Ce concentration in the diffusion zone is less than 0.8 mol%, the system can be regarded as the U-Zr quasibinary system. The U-Zr interdiffusion coefficients in this quasi-binary system were obtained from the Zr or U profile (Figs. 11 and 12) by the Boltzmann-Matano method. The obtained diffusion coefficients are presented in Fig. 13 , compared with the interdiffusion coefficients in the U-Zr solid solutions without Ce.
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Ce-rich precipitates Zr oxides 40 µm Diffusion of Cerium in Uranium-Zirconium Solid Solutionsdiffusion coefficients near the Zr concentration 30 mol% corresponds to the demixing 1 þ 2 , which closes at 995 K, in the U-Zr binary system. 2) In Fig. 13 , there is no essential difference between the U-Zr interdiffusivities in the quasibinary system containing Ce and in the system without Ce. This result indicates that the Ce does not have significant influence on interdiffusion in the U-Zr solid solutions (-U, -Zr).
Conclusions
The Ce concentration profiles measured in the U-23 mol%Zr/U-23 mol%Zr-1.3 mol%Ce diffusion couples annealed at 1123 K and 1023 K were analyzed based on the theoretical solution of the one-dimensional diffusion equation for the semi-infinite diffusion couple, either side of which is supersaturated with the diffusing substance. From this analysis, the diffusion coefficients of Ce in the U-23 mol%Zr solid solution (-U, -Zr) were estimated to be $2 Â 10 À13 m 2 /s at 1123 K and $6 Â 10 À14 m 2 /s at 1023 K. These are between the values extrapolated from the reported self-diffusion coefficients of -U and -Zr. In the U-95 mol%Zr/U-23 mol%Zr-1.3 mol%Ce couples annealed at 1123 K and 1023 K, the concentration profiles showed up-hill diffusion of Ce. The interdiffusion coefficients in the quasibinary U-Zr system containing Ce were obtained from the U or Zr concentration profile. There is no essential difference between the U-Zr interdiffusivities in the quasi-binary system containing Ce and in the binary system without Ce. This indicates that Ce does not have significant influence on interdiffusion in the U-Zr solid solutions. Quasi-binary system with Ce (present study) U-Zr binary system without Ce 2) Fig. 13 Interdiffusion coefficients in the quasi-binary U-Zr system containing Ce at 1123 K and 1023 K, compared with interdiffusion coefficients in the U-Zr binary system without Ce.
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